1. Introduction {#sec1}
===============

Ketones are privileged building blocks present in numerous pharmaceuticals, agrochemicals, fragrances, and other fine chemicals.^[@ref1],[@ref2]^ Many kinds of enzymes catalyze the transformation of ketones as substrates or alcohols as products, including alcohol dehydrogenases,^[@ref3],[@ref4]^ alcohol oxidases,^[@ref5],[@ref6]^ transaminases,^[@ref7]^ retro-aldolases,^[@ref8]^ amine dehydrogenases,^[@ref9],[@ref10]^ Baeyer--Villiger monooxygenases,^[@ref11]^ monoamine oxidases,^[@ref12]^ amino acid dehydrogenases,^[@ref13]^ opine dehydrogenases,^[@ref14]^ and others. Since ketones are generally colorless or nonfluorescent, developing fluorogenic ketone-reactive probes is absolutely needed.

Developing chromogenic methods for the detection of aldehyde/ketone groups can be traced back to the early 20th century, which used 2,4-dinitrophenylhydrazine (DNPH) as a convenient reagent.^[@ref15]^ Ni and co-workers subsequently reported that the DNPH-based method can be used as a high-throughput ketone assay in whole-cell systems.^[@ref16]^ However, the poor solubility of DNPH in the water phase and the need to be performed under basic conditions may limit its applications. In other work, 2-amino benzamidoxime (ABAO) and derivatives were also investigated as nucleophilic derivatization reagents for the detection of aldehyde-containing proteins in an acidic aqueous medium, forming dihydroquinazoline products.^[@ref17]^ While more recently the groups of Winkler and Rudroff successfully introduced ABAO-based reagents for the direct detection of chemically diverse aldehydes derived from enzyme-mediated whole-cell transformations,^[@ref18]^ ketone detection by this technique has not been reported to date. Given the prevalence of the ketone moiety in synthetic organic chemistry and biocatalysis, methods that can directly assay this structural unit in biological systems are highly desirable.

Inspired by Winkler and Rudroff's ABAO-based system,^[@ref18]^ we set out to develop a fast assay for ketone detection, using *para*-methoxy-2-amino benzamidoxime (PMA, **1**; [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) as a reagent because of its overall high reactivity and good fluorescence sensitivity as well as good solubility in buffer.^[@ref17]^ In this context, we have developed a rapid and sensitive fluorometric screening method adapted to 96-well microplates that allows the direct determination of structurally diverse ketones, which is useful in the search for new wild-type (WT) enzymes by mining techniques. Since interest in directed evolution of active and selective enzymes has rapidly increased,^[@ref19]−[@ref23]^ such a reliable high-throughput assay (HTA) can also be employed for screening mutant libraries.

![Proposed Ketone Assay Using *para*-Methoxy-2-Amino Benzamidoxime (**1**) as a Chemical Probe in This Work](ao0c00245_0007){#sch1}

2. Results and Discussion {#sec2}
=========================

2.1. High-Throughput Fluorescence Assay Development for Ketones {#sec2.1}
---------------------------------------------------------------

We began the assay development with the detection of PMA in its reaction with 1-hydroxy-2-butanone (**2**), an important intermediate in the synthesis of antitubercular drugs^[@ref24]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The initial pH value, Ex, and Em of fluorescence detection were set as 4.5, 380, and 520 nm, respectively, which correspond to the conditions reported for PMA in its reaction with isobutyraldehyde.^[@ref25]^ The results show that the PMA-based method can significantly distinguish the reaction of interest (red line, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) from the background noise (blue and green lines, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Therefore, the fluorescence-based assay is sensitive enough to detect the model substrate **2**. With regard to the time-course profiles, the corresponding fluorogenic dihydroquinazoline product **3** can be detected within 10 min, and 30 min reaction time suffices for the construction of the linear slopes, even though the fluorescence signal can be maintained for longer time ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![(A) Reaction between the chemical probe PMA and the model substrate **2**. (B) Time-course profiles derived from monitoring the dihydroquinazoline product **3** via fluorescence at room temperature (in a 96-well plate). Red line: 10 mM **2** (10 μL of 100 mM in acetonitrile) and 10 mM PMA (1 μL of 1 M PMA in dimethyl sulfoxide (DMSO)) in 89 μL of HAc-NaAc buffer (pH 4.5). Blue line: 10 mM PMA and 10 μL of acetonitrile in 89 μL of HAc-NaAc buffer (pH 4.5). Green line: 10 mM **2** and 1 μL of DMSO in 89 μL of HAc-NaAc buffer (pH 4.5). All experiments were detected with Ex = 380 nm and Em = 520 nm.](ao0c00245_0001){#fig1}

Subsequently, we investigated how the pH affects the performance of the chemical probe PMA with the model substrate **2**. Interestingly, the pH profiles showed a broad range, the optimum being around pH 5.0 based on the observation of fluorescence intensity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). It is of interest to note that this method is still sufficiently sensitive to differentiate between the reaction and background even under neutral and basic conditions (pH 7--8; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Moreover, optimizations of the Ex and Em were performed at pH 5.0, and excitation and emission maxima were determined as 389 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) and 515 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), respectively. In parallel, to investigate the influence of different PMA concentrations on product formation, distinct ratios (1:4, 1:2, 1:1, and 2:1) between PMA and the substrate **2** were evaluated. The fluorescence intensity in the case of 1:1 ratio (green line; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D) is similar to that that in the case of 2:1 ratio (red line, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), indicating that an equal proportion of PMA to ketone substrate was enough for the assay. We therefore set the ratio of 1:1 between PMA and ketone as a standard in the assay development. The sensitivity of the PMA-based assay was also investigated. Generally, it can be used for quantification within the low μM range down to 1 μM concentrations using fluorescence measurements ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)).

![(A) Effect of reaction pH on the PMA-based assay of 1-hydroxy-2-butanone (**2**) at room temperature in HAc-NaAc (pH 3.5--5.5) or phosphate-buffered saline (PBS) (pH 6.0--8.0) buffer. Red and blue histograms depict PMA reaction with **2** and the negative control with only PMA as background, respectively. The reaction time is set at 0.5 h. Fluorescence spectra of excitation (B) and emission maxima (C) regarding the reaction of the chemical probe PMA and **2** at pH 5.0. (D) Reactions between PMA and the substrate **2** in different ratios of 1:4 (purple color circle open), 1:2 (blue color circle open), 1:1 (green color circle open), and 2:1 (red color circle open). The purple, cyan, green, and red triangle lines depict the negative controls (no carbonyl compound added) at each ratio condition, respectively.](ao0c00245_0002){#fig2}

2.2. Versatility of the PMA-Based Assay toward Other Ketones {#sec2.2}
------------------------------------------------------------

To explore the application potential of PMA as a ketone probe, 24 structural diverse ketones (four aromatic ketones (**2a**--**2d**), three hydroxy ketones (**2e**--**2g**), six cyclic ketones (**2h**--**2m**), and 11 aliphatic ketones (**2n**--**2x**)) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) were investigated by studying their reactivity with PMA in HAc-NaAc buffer (pH 5.0). The respective Ex and Em wavelengths corresponding to the individual ketones were monitored ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). We discovered that most of the corresponding dihydroquinazoline products can indeed be detected by fluorescence, while no product formation was observed with **2d**, **2w**, or **2x** as impeded by the noise of the fluorescence signal of PMA ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). These observations indicate that electron-rich ketones with small steric hindrance effects react more easily with PMA. The dihydroquinazoline products of **2a**--**2d**, **2e**--**2g**, **2h**--**2m**, and **2n--2x**, in which showing stronger fluorescence signals, the model PMA-adducts were also analyzed by NMR (see Supporting Information and [Figures S3--S17](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)).

![Substrate specificity profiling of the PMA-based assay. Pink represents aromatic ketone, green represents hydroxy ketone, blue represents cyclic ketone, and gray represents fatty ketone. The negative control contains PMA only. Ten millimolar 24 structural diverse ketones (10 μL of 100 mM acetonitrile solution) and 10 mM PMA (1 μL of 1 M DMSO solution) in 89 μL of HAc-NaAc buffer (pH 5.0). The fluorescence reaction system is detected at 0.5 h.](ao0c00245_0003){#fig3}

It was also necessary to define the relationship between the concentration of ketones and the fluorescence intensity. Thereafter, four distinct ketones **2**, **2c**, **2h**, and **2p** representing hydroxy, aromatic, cyclic, and aliphatic ketones, respectively, were selected to verify the accuracy of this PMA-based assay. The correlation coefficient (*R*^2^) between the peak area of the ketone compound measured by gas chromatography (GC) and the fluorescence intensity is higher than 0.995 for all four substrates with different concentrations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The ketone concentrations determined by both analytical methods proved to be highly consistent, demonstrating that the present assay can be used as a quantification method for ketone detection.

![Linear fit of the fluorescence intensity versus GC peak area of the substrate ketones **2** (sky blue color diamond open), **2c** (green color circle open), **2h** (purple color triangle up open), and **2p** (red color box open). The substrate concentrations are set as 0, 2, 4, 6, 8, and 10 mM, respectively. Four types of ketones (10 μL of 100 mM acetonitrile solution) and 10 mM PMA (1 μL of 1 M DMSO solution) in 89 μL of HAc-NaAc buffer (pH 5.0). The fluorescence reaction system is detected at 0.5 h.](ao0c00245_0004){#fig4}

To further verify the PMA-based ketone determination method, we monitored the reaction of 5 equiv PMA with phenylacetaldehyde, **2a**, **2d, 2h, 2o**, benzyl alcohol, benzoic acid, benzaldehyde, and the model substrate **2**, respectively, using the same reaction conditions reported by Ressmann et al.^[@ref18]^ When testing phenylacetaldehyde, the fluorescence values reached the highest level within 3 min ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), which are consistent with the results of Ressmann et al., who used ABAO as a probe. As such, we applied the PMA-based fluorescence method to determine ketones.

![Time curve of different carbonyl and other compounds with PMA. One hundred ninety microliters of HAc-NaAc buffer (100 mM, pH 4.5) containing 5.23 mM PMA, mixed with 10 μL of carbonyl and other compounds (20 mM in acetonitrile) to obtain a final concentration of 1 mM compounds in a 96-well plate. The negative control (buffer only) represents only 10 μL of acetonitrile reacted with 190 μL of HAc-NaAc buffer (100 mM, pH 4.5) containing 5.23 mM PMA.](ao0c00245_0005){#fig5}

2.3. Utilizing the High-Throughput PMA Assay for Mining New ADHs {#sec2.3}
----------------------------------------------------------------

To validate the present PMA assay as a means to support enzyme mining, we employed it for screening a home-made alcohol dehydrogenases (ADH) library (totally 90 ADHs) in an *Escherichia coli* strain using the transformation of 1,2-butanediol to **2**. NADH oxidase from *Lactobacillus reuteri* (LreNox)^[@ref25]−[@ref27]^ was employed as a green cofactor recycling system that consumes only oxygen ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). The reactions were conducted in a 96-well plate at pH 7.0 (a neutral pH is necessary for maintaining ADH activity). After evaluation of the correlation coefficient between concentration and fluorescence signal, 4 h was chosen as a suitable detection time to detect the fluorescence intensity of the product **2** ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). We tested the fluorescence background noise of each component in the real detection system ([Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). NADP^+^, NADPH, and acetonitrile do have a certain fluorescence background noise, but rhododendrol and butanediol have almost no fluorescence. Therefore, the same equivalent LreNox and NADP^+^ were added to BL21(DE3)/pET28a in the control experiment. After screening, 18 samples (red histograms, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) with stronger fluorescence intensity than that of the negative control (black histogram, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) were selected for further analysis. The fluorescence intensity versus GC peak area of the 18 ADHs were nicely fitted (*R*^2^ = 0.83; [Figure S21](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)).

![Screening of ADHs by the fluorescence value of the product **2** reacted with PMA. Red histograms are selected from the 96-well plate for further analysis. The black histogram at the extreme left depicts the *E. coli* strain with an empty vector as the negative control. One microliter of PMA (1 M solution in DMSO) was added to the 99 μL of reaction mixture in a 96-well plate (Costar 3603). The plate was kept at room temperature for 4 h and then detected by multiscan spectrum (SPECTRAMAX M5) with Ex 380 nm and Em 520 nm.](ao0c00245_0006){#fig6}

Afterward, the conversion data of the 18 selected ADHs were analyzed by GC detection ([Table S2 and Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). Three ADHs (E99, E148, and E149) have been reported previously, and the ADH from *Thermococcusguaymasensis* (dubbed E99) that can catalyze oxidation of various alcohols (e.g., primary and secondary alcohols, polyols, and diols)^[@ref28]^ leads to the highest conversion, which is consistent with the fluorescence result. Other 15 uncharacterized ADHs (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)) were successfully detected by the present assay, suggesting that this method can be applied in enzyme discovery.

2.4. Application of the HTA Method for Enzyme Engineering {#sec2.4}
---------------------------------------------------------

We further applied the present PMA-based method for the tentative engineering of the activity of the well-known alcohol dehydrogenase from *Thermoanaerobacter brockii* (TbSADH)^[@ref29]−[@ref32]^ in the oxidation of rhododendrol to raspberry ketone (**2a**), an internationally recognized safe aromatic compound with fruity aroma that is widely used in foodstuffs.^[@ref33]^ It has been reported that the residue W110 plays key roles in substrate recognition and activity of TbSADH.^[@ref34]^ Therefore, saturation mutagenesis (SM) using 20 canonical amino acids was performed at W110. Using the PMA assay, the W110 library was screened ([Figure S23](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). Several mutants were discovered showing higher conversion toward **2a** compared to WT. For example, substrate conversion when using variant W110G reached 75% compared to 39% for WT ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and its corresponding fluorescence intensity was also the strongest (1720; [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Mutants of W110Y, W110Q, and W110P with low conversion toward **2a** still had a relatively high and stable fluorescence values, mainly caused by the strong background noise generated by NADP^+^, NADPH, and acetonitrile in the cell lysate system. The correlation coefficient (*R*^*2*^) between fluorescence value and the real reaction conversion measured by GC can reach 0.97, indicating that the PMA fluorescence detection method can rapidly quantify GC conversion rate in a real system ([Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)), and is qualified for enzyme engineering. We believe that larger libraries and the consideration of more residues can be expected to provide better results, but this is not our aim in the present work.

###### Fluorescence of TbSADH Mutants and Corresponding Conversion to **2a**

  enzymes   C (%)[a](#t1fn1){ref-type="table-fn"}   fluorescence (a.u.)
  --------- --------------------------------------- ---------------------
  WT        39                                      1421
  W110G     75                                      1720
  W110A     58                                      1593
  W110L     49                                      1543
  W110C     52                                      1566
  W110S     50                                      1563
  W110Y     4                                       837
  W110Q     4                                       911
  W110P     trace                                   769

Conversion (%) was determined by GC analysis.

3. Conclusions {#sec3}
==============

We have developed an efficient and user-friendly high-throughput assay for detecting structurally different ketones. The PMA-based system allows fluorescence screening that is quite sensitive (up to μM range), compatible with aqueous systems and broad a pH range. The accuracy was also validated by linear fitting of the fluorescence intensity and GC peak area of tested ketones. The easy-to-operate assay can be conducted in a 96-well plate format at room temperature with normal laboratory equipment. Various ketones can be used, especially those with electron-rich and sterically small substitutents. Furthermore, the developed HTA was successfully employed in the mining-based discovery of enzymes with increased oxidation activity toward secondary alcohols and in directed evolution of an alcohol dehydrogenase aimed at enhancing the catalytic activity using ketones as substrates or products.

4. Experimental Procedures {#sec4}
==========================

4.1. Materials {#sec4.1}
--------------

1-Hydroxy-2-butanone (**2**), raspberry ketone, and other ketones were purchased from Aladdin (Shanghai, China). PrimeSTAR DNA polymerase and restriction enzyme *Dpn*I were obtained from TAKARA (Beijing, China) and NEB (Beijing, China), respectively. Lysozyme and DNase I were purchased from AppliChem (Gatersleben, Germany). The DNA sequencing and oligonucleotide synthesis were conducted by TSINGKE technology (Beijing, China).

4.2. General Procedure for PMA-Based Fluorescence HTA Screening {#sec4.2}
---------------------------------------------------------------

Ten microliters of ketones at different concentrations dissolved in acetonitrile and 1 μL of PMA (1 M solution in DMSO) were mixed with 89 μL of HAc-NaAc buffer or PBS buffer in a 96-well plate (COSRAR 3603) to a final concentration of 10 mM, and the total volume is 100 μL. The 96-well plate was kept at room temperature for different reaction times and then evaluated by multiscan spectrum (SPECTRAMAX M5) with the excitation wavelength (Ex) of 380 nm and the emission wavelength (Em) of 520 nm.

In addition, the other screening system was built according to ref ([@ref18]): 190 μL of HAc-NaAc buffer (100 mM, pH 4.5) containing 5.23 mM PMA was mixed with 10 μL of carbonyl compounds (20 mM in acetonitrile) to obtain a final concentration of 1 mM carbonyl compounds in a 96-well plate. Monitoring the reaction by the multiscan spectrum (SPECTRAMAX M5) with the excitation wavelength (Ex) of 380 nm and the emission wavelength (Em) of 520 nm.

4.3. Construction of Saturation Mutagenesis Library {#sec4.3}
---------------------------------------------------

Alcohol dehydrogenase from *T. brockii*(TbSADH) W110 library was constructed using the megaprimer approach^[@ref35]^ with the mixed primers F1/R1 ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). Fifty microliters of reaction mixtures typically contained 25 μL of PrimeSTAR mix, 0.5 μL (50--100 ng) of template DNA, and 0.5 μL of 100 μM primers mix. The polymerase chain reaction (PCR) conditions for short fragment were as follows: 95 °C for 5 min, (95 °C for 30 s, 55 °C for 30 s, 72 °C for 20 s) × 25 cycles and 72 °C for 10 min. For mega-PCR, the conditions were as follows: 95 °C for 5 min (95 °C for 30 s, 60 °C for 30 s, 72 °C for 7 min) × 30 cycles and 72 °C for 10 min. The PCR products were analyzed on 1% agarose gel by electrophoresis and digested with *Dpn*I at 37 °C for 3 h; 1--2 μL of the digested PCR products was then transformed into electrocompetent *E. coli* BL21(DE3) to create the final library for Quick Quality Control^[@ref36]^ and screening.

4.4. General Procedure for Library Screening {#sec4.4}
--------------------------------------------

Colonies of home-made ADHs library and TbSADH mutant library were picked and transferred into deep 96-well plates containing 300 μL of the LB medium (yeast extract 1%, NaCl 1%, peptone 1%) with 50 μg/mL kanamycin and incubated overnight at 37 °C with shaking. One hundred twenty microliters of the overnight culture solution was transferred to a glycerol stock plate and stored at −80 °C. Eight hundred microliters of the TB medium (yeast extract 2.4%, peptone 1.2%, glycerol 0.4%, and PBS buffer, pH 7.4, 10% v/v) was added to the deep 96-well plate, with 0.2 μM IPTG and 50 μg/mL kanamycin as a final concentration. After 12 h expression at 30 °C, 800 rpm, the cell pellets were harvested and washed with 400 μL of 50 mM, pH 7.4 PBS buffer. The supernatant was discarded, and the cell pellets were resuspended by vortexing in 400 μL of the same buffer containing 6 U/mL *DNase* I and 1 mg/mL lysozyme. Then, the plate was shaken for 1 h at 800 rpm and 30 °C, and the supernatant was collected by centrifugation. Racemic 1,2-butanediol or rhododendrol, NADP^+^, and NADH oxidase from *L. reuteri* (LreNox) enzyme powder were mixed with pH 7.0 PBS to the total volume 500 μL, giving a final concentration of 10 mM, 1 mM, and 2 mg/mL, respectively. BL21(DE3)/pET28a was set as a negative control and reacted with shaking at 37 °C. After 24 h, 1 μL of PMA (1 M solution in DMSO) was added to the 99 μL reaction mixture in the 96-well plate (Costar 3603). The plate was kept at room temperature for 4 h and then analyzed by multiscan spectrum (SPECTRAMAX M5) with Ex of 380 nm and Em of 520 nm. The rest of the reaction mixture was extracted by an equivalent amount of 1-butanol,^[@ref37]^ dried with anhydrous sodium sulfate, and filtered for the GC analysis ([Table S4 and Figures S25--S27](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf)). The conversion was determined based on authentic standards.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00245](https://pubs.acs.org/doi/10.1021/acsomega.0c00245?goto=supporting-info).Supporting materials and methods, tables, and figures; primer design; high-throughput fluorescence assay; GC analysis results; and NMR spectra ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00245/suppl_file/ao0c00245_si_001.pdf))
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